Background: Ethanol predisposes to traumatic injury and causes respiratory depression and cardiovascular compromise in models of traumatic brain injury (TBI) and hemorrhagic shock (HS). Endogenous opioids may play a role in ethanol intoxication and TBI. We studied the effects of ethanol and the opiate antagonist agent naltrexone (NTX) in a TBI/HS model.
THANOL INTOXICATION INCREASES the risk of traumatic brain injury (TBI)
. Up to 50% of TBI patients have a blood alcohol concentration over 0.1% at the time of injury (Jagger et al., 1984; Rimel et al., 1982; Zink and Maio, 1994) . Clinical studies suggest that ethanol potentiates injury and may be associated with increased risk of early death or worse neurological outcome after TBI (Evans and Frick, 1993; Fell and Hertz, 1990; Gurney et al., 1992; Kraus et al., 1989; Waller et al., 1986; Zink et al., 1996) . Some laboratory studies, using a variety of TBI models and species, have found increased mortality, worse neuropathology, and worse neurological outcome in ethanol-treated animals (Albin and Bunegin, 1986; Flamm et al., 1977; Franco et al., 1988; Shapira et al., 1997) . Other TBI studies have not demonstrated a deleterious effect of ethanol in TBI (Masse et al., 2000; Zhang et al., 1999) while one study suggests a possible neuroprotective effect (Kelly et al., 1997) . In previous studies from our laboratory, which utilized a porcine fluid percussion model, we found early respiratory depression, decreased cerebral perfusion pressure (CPP), and decreased cerebral blood flow (CBF) in ethanol-treated animals (Zink and Feustel, 1995; Zink et al., 1993) . When TBI is accompanied by hemorrhage, the deleterious effects of ethanol are magnified (Zink et al., 1998 (Zink et al., , 1999 .
Endogenous opioids appear to modulate respiratory drive and activity (Mayfield and D'Alecy, 1992; Moss and Scarpelli, 1981; Petrozzino et al., 1993; Santiago and Edelman, 1985) . Experimental evidence also suggests that endogenous opioids and opiate receptors may play a role in the pathogenesis of TBI (Hayes et al., 1983; Lyeth et al., 1995; McIntosh et al., 1987) . Endogenous opioid concentrations are increased in brain tissue and cerebrospinal fluid after TBI in animal models, and opiate receptor antagonist agents have improved neurological outcome and reversed TBI-induced decreases in CBF and systemic hypotension (Armstead and Kurth, 1997; Hayes et al., 1983; Lyeth et al., 1995; McIntosh et al., 1987; Vink et al., 1990 Vink et al., , 1991 . Endogenous opioids have also been implicated in the pathogenesis of hemorrhagic shock (HS) (Gurll et al., 1981) .
Some evidence suggests that the intoxicating and respiratory depressant effects of ethanol may be partially mediated by endogenous opioid activity or opiate receptor acti-vation. Ethanol increases endogenous opioid activity in human plasma, and naloxone has been reported to reverse ethanol-induced ventilatory depression in humans (Bar-or et al., 1982; Jeffcoate et al., 1979; Jeffreys et al., 1980; Michiels et al., 1983) .
The possible relationship between acute ethanol intoxication, TBI, and endogenous opioid activity led to the following research question: Are the respiratory and cardiovascular depressant effects of ethanol in TBI and hemorrhage due to increased endogenous opioid activity and, if so, will administration of an opiate antagonist agent reverse some of the deleterious effects of ethanol? We tested the hypothesis that administration of naltrexone, a nonspecific opiate antagonist, will reverse ethanol-induced respiratory and cardiocirculatory depression in a porcine TBI and HS model.
MATERIALS AND METHODS
This study was approved by the University of Michigan Committee on the Use and Care of Animals. Animal care standards were in compliance with the Guide for the Care and Use of Laboratory Animals.
Instrumentation
The instrumentation procedure has been previously described in detail (Zink et al., 1998 (Zink et al., , 1999 . Immature swine (20 kg) were sedated with ketamine, intubated, and anesthetized with isoflurane (1.15%) at an F I O 2 of 0.28. Femoral and carotid arteries and the femoral vein were accessed for blood pressure monitoring and blood withdrawal. A pulmonary artery thermodilution catheter was placed via the femoral vein for cardiac output monitoring. Brain instrumentation consisted of four craniotomies for placement of a fluid percussion bolt immediately anterior to and right of the bregma, a left intraventricular catheter, a sagittal sinus oximetric catheter, and a brain tissue metabolic probe (Paratrend 7; Diametrics, Inc., St. Paul, MN).
Measurements
After instrumentation, the following parameters were monitored continuously, with the exception of cardiac output, which was measured every 30 min.
Hemodynamic parameters-mean arterial pressure (MAP), heart rate (HR), central venous pressure (CVP), cardiac output (CO), blood temperature.
Ventilatory parameters-ventilatory frequency (V F ), tidal volume (V T ), minute ventilation (V E ), end tidal CO 2 concentration, isoflurane concentration.
Brain physiologic parameters-intracranial pressure (ICP), cerebral perfusion pressure (CPP), cerebral venous oxygen saturation (CvO 2 ), brain temperature, brain tissue pH, PCO 2 , PO 2 .
Hypercapnic respiratory response was assessed at specific time points by recording the above ventilatory measurements, infusing 5% CO 2 into the ventilatory circuit for 5 min, and then repeating the measurements.
Metabolic parameters that were sampled and measured at specific time points included arterial blood gases, cerebral venous blood gases, blood sodium, potassium, chloride, calcium, bicarbonate, glucose and lactate concentrations, and serum ethanol levels.
Interventions
Animals in the injury groups received a concurrent fluid percussion brain injury and hemorrhage. Animals in the noninjury groups received full instrumentation and craniotomy procedures, but were not subjected to injury. The fluid percussion injury (FPI) has been previously described (Zink and Feustel, 1995; Zink et al., 1993) . This type of injury is considered a midline model of FPI. The target brain injury was 3.2 atmospheres, which is felt to simulate severe brain injury in humans. Hemorrhage consisted of the removal of 30 ml/kg of blood via the femoral artery catheter over 30 min in a graded fashion with a computer-driven roller pump, as previously described (Zink et al., 1998) . Animals in groups that received ethanol were administered an intravenous loading dose of 2 g/kg over 25 min, followed by a maintenance infusion of 0.4 g/kg/hr. Nonethanol animals received an equal loading volume and infusion of intravenous normal saline. Animals in the naltrexone groups were administered 0.2 mg/kg intravenously at 5 min postinjury.
Experimental Groups
Seven experimental groups were studied, with the following interventions:
CONTROL-instrumentation only (n ϭ 4) EtOH-instrumentation and ethanol (n ϭ 8) NTX-instrumentation and naltrexone (n ϭ 4) INJ-brain injury and shock (n ϭ 10) INJ/EtOH-brain injury, shock, ethanol (n ϭ 10) INJ/NTX-brain injury, shock, naltrexone (n ϭ 10) INJ/EtOH/NTX-brain injury, shock, ethanol, naltrexone (n ϭ 10) After instrumentation and administration of ethanol or placebo normal saline, animals were monitored for 60 min. Preinjury measurements were obtained, and the injury (TBI and hemorrhagic shock) was given at time point 0. Animals were monitored without fluid resuscitation for 120 min postinjury, and full measurements, including hypercapnic respiratory response, were obtained at times 15, 45, 60, 90, and 120 min. Animals that experienced apnea after injury received bag-valve assisted ventilation starting at 1 min postinjury. Animals with persistent apnea were placed on a ventilator, with PaCO 2 maintained at 45 torr, and PaO 2 maintained at 120 -150 torr, and were administered the hypercapnic respiratory challenge at all time points. If the animal remained apneic, with no response to hypercapnia, the animal was recorded as being on the ventilator, but minute ventilation and the hypercapnic ventilatory data for that time point were not used in the statistical analysis.
DATA ANALYSIS
Group means and standard deviations were calculated for all measurements and time points. Statistical analysis was performed using analysis of variance (ANOVA) with Tukey post hoc test for intergroup comparisons and repeated-measures (rm) ANOVA for comparison at multiple time points. For most statistical analyses, the noninjured groups were compared separately from the injured groups. A p value of 0.05 was considered statistically significant. A power analysis performed prior to the investigation determined that 10 animals would be needed in the injury groups to provide a power of greater than 0.80 with the following assumptions: an effect size of 2 liters/min for minute ventilation and the hypercapnic ventilatory difference; standard deviations of 1.5 for minute ventilation and 2.0 for the hypercapnic difference; and an alpha error of 0.05.
RESULTS

Baseline Characteristics
Fifty-six experiments were performed, with 4 animals in the SHAM and NTX groups, 8 animals in the EtOH group, and 10 animals each in the four injury groups. With the exception of mean arterial pressure (MAP) and cerebral perfusion pressure (CPP), which were significantly lower in the groups that received ethanol, groups were well matched at time 0 in terms of weight, hemodynamic parameters, and metabolic parameters, and the measured brain injury (Ta-ble 1). Mean ethanol levels were not significantly different between the INJ/EtOH and the INJ/EtOH/NTX groups at any time point (Table 3) . Mean ethanol levels were lower in the EtOH group when compared with the INJ/EtOH and INJ/EtOH/NTX groups, but the difference was significant only at the 120 min time point (p ϭ 0.035, ANOVA) (Table  4) .
Respiratory Response and Survival
Fluid percussion brain injury produced immediate, but transient, apnea of greater than 1-minute duration in at least 70% of the animals in each of the injury groups. During the postinjury period (after the 15 min time point), at least 40% of the animals in the INJ, INJ/EtOH, and INJ/EtOH/NTX groups had apneic periods of greater than 5 min that required mechanical ventilation for at least a portion of the experiment, compared with 20% of the animals in the INJ/NTX group (p ϭ 0.49, Kruskal-Wallis test)( Table 2) . Two animals in the INJ/EtOH group died prematurely (at 40 and 45 min postinjury) and one animal in the INJ/EtOH/NTX group died prematurely at 66 min postinjury. All of the animals in the other groups survived through 120 min.
Minute ventilation and the hypercapnic ventilatory response were lowest in the INJ/EtOH group throughout the postinjury period when compared with the INJ, INJ/NTX, and INJ/EtOH/NTX groups (p ϭ 0.097, rm ANOVA for minute ventilation; p ϭ 0.003, rm ANOVA for hypercapnic ventilatory response). The highest postinjury minute ventilation occurred in the INJ/EtOH/NTX group, and the highest hypercapnic respiratory response occurred in the INJ/NTX group ( Figs. 1 and 2 ). In the noninjury groups, neither ethanol nor naltrexone had significant effects on ventilation, although the numbers in these groups were small (Table 4) .
Hemodynamic Response
MAP, CPP, and cardiac output fell significantly, and heart rate increased significantly after injury. In comparing MAP and CPP in the four injury groups, significant differences were found for MAP (p ϭ 0.007, rm ANOVA) and for CPP (p ϭ 0.017, rm ANOVA). (Table 2 and Fig. 3 ). Heart rate increased (p ϭ 0.005, rm ANOVA) and cardiac output decreased (p Ͻ 0.001, rm ANOVA) in response to injury but were not significantly different among the four injury groups during the postinjury period (Table 2) . Intracranial pressure (ICP) increased briefly after fluid percussion TBI, and mean values were higher at time points 15 through 120 in the injured, compared with noninjured, animals but not to a significant degree. No significant differences in ICP were found among the four injury groups (Table 2 ). In the noninjury groups, ICP was significantly higher in the NTX group, and there was a trend toward higher MAP in the NTX group (Table 4) . (8) 16 (12) 17 (7) 20 (8) 0.51 120 min 15 (6) 13 (6) 19 (5) 16 (9) Numbers are means with standard deviations in parentheses except for apnea where numbers indicate animals that experienced apnea. Statistical tests: Kruskall-Wallis for apnea, and repeated measures ANOVA for other comparisons. HR, heart rate; CO, cardiac output; ICP, intracranial pressure.
Metabolic Response
Brain tissue oxygen fell significantly after injury (p Ͻ 0.001, rm ANOVA). In the injury groups, brain tissue oxygen was consistently highest in the INJ/EtOH/NTX group, although values were highly variable (p ϭ 0.015, rm ANOVA). Brain tissue probe data were not gathered in the EtOH group (Tables 3 and 4 ). Brain tissue pH also fell from a mean of 7.10 preinjury to a mean of 6.90 after injury but, due to high standard deviations, was not significantly different between the injured and noninjured groups (p ϭ 0.121, rm ANO-VA) (Table 3 ). Brain tissue CO 2 tended to increase after injury but the differences were not significant (p ϭ 0.180, rm ANOVA).
Other metabolic parameters changed after injury in a manner similar to what has been previously reported in this model. In noninjured animals, ethanol administration was associated with higher cerebral venous lactate concentrations (p ϭ 0.04), rm ANOVA) (Table 4) . In injured animals, cerebral venous and arterial blood lactate levels rose and were highest in ethanol-treated animals (p ϭ 0.153 for arterial lactate, and p ϭ 0.147 for cerebral venous lactate, rm ANOVA). Cerebral venous pH was significantly lower in the INJ/EtOH and INJ/EtOH/NTX groups when compared with the nonethanol, injured groups after injury (p ϭ 0.012, rm ANOVA). Serum bicarbonate concentration also fell significantly after injury (p ϭ 0.001, rm ANOVA) for all groups. In the injury groups, serum bicarbonate was also lowest in the ethanol-treated animals (p ϭ 0.109, rm ANO-VA) (Table 3) . Cerebral venous oxygen saturation fell significantly after injury (p Ͻ 0.001, rm ANOVA) but was not different between injury groups (p ϭ 0.709, rm ANO-VA) (Table 3) . Hemoglobin decreased in injured animals when compared with control groups (p ϭ 0.07, rm ANOVA), but was not significantly different between the injured groups (p ϭ 0.20, rm ANOVA) (Table 3) . Cerebral venous blood glucose levels rose in response to injury (p ϭ 0.062, rm ANOVA) but were not different between the injury groups (p ϭ 0.302, rm ANOVA) (Table 3) .
DISCUSSION
In this anesthetized, porcine model of fluid-percussion brain injury and graded hemorrhagic shock, acute ethanol intoxication impaired the hypercapnic ventilatory response, and this effect was reversed by the administration of the nonselective opiate receptor antagonist naltrexone. Ethanol levels at the time of injury were similar to levels that are commonly reported in intoxicated humans who suffer traumatic brain injury (Gurney et al., 1992; Jagger et al., 1984) . The cardiovascular effects of ethanol and naltrexone in this model were less distinct. Postinjury cardiovascular compromise was not as pronounced in ethanol-treated animals as in our previous studies (Zink et al., 1998 (Zink et al., , 1999 . In this study, ethanol-treated, injured animals had lower MAP and CPP that was comparable to other injured animals, but the INJ/EtOH group differed in the response to naltrexone. Naltrexone administration increased MAP and CPP in nonethanol injured animals but did not improve hemodynamics in ethanol-treated injured animals. Naltrexone also did not reverse impairments in cerebral metabolic parameters.
The ventilatory response to TBI and HS in this study was similar to what has been reported in our previous studies. (Zink and Feustel, 1995; Zink et al., 1998) . Ethanol caused a modest decrease in minute ventilation prior to injury that is accentuated after TBI and shock. Ventilatory drive, as assessed by exposure to hypercapnia, was significantly reduced after TBI/HS in ethanol-treated animals. The effects of ethanol and injury on hypercapnic ventilatory drive were greater than on minute ventilation.
Inadequate ventilation and hypoxemia may contribute to secondary brain injury after TBI. The importance of ventilatory depression has been demonstrated in clinical TBI studies that have shown increased morbidity and mortality in patients who have early hypoxemia (Atkinson, 2000; Chestnut et al., 1993; Winchell and Hoyt, 1997) . In this study, apneic animals were supported with mechanical ventilation and did not become hypoxemic. Clinical studies lend some support to the idea that acute ethanol intoxication in the setting of TBI can cause ventilatory depression. One study found that intoxicated patients with TBI were significantly more likely to require endotracheal intubation in the field or emergency department and to develop respiratory distress during hospitalization (Gurney et al., 1992) . A number of studies have found that alcoholintoxicated motor vehicle crash victims are more likely to die in the early postinjury period than nonintoxicated victims, and it is speculated that respiratory depression may contribute to early death (Fell and Hertz, 1990; Zink et al., 1996) .
Although it is known that endogenous opiate peptides and opiate receptor agonist drugs induce ventilatory depression, the role of endogenous opioids in the control of ventilation is felt to be more modulatory than regulatory (Santiago and Edelman, 1985) . However, some investigators believe that, in states of increased stress, including trauma, endogenous opioids may play a larger role in the regulation of respiration (Mayfield and D'Alecy, 1992; Moss and Scarpelli, 1981; Petrozzino et al., 1993; Santiago and Edelman, 1985) . Ethanol causes dose-dependent respiratory depression, and some previous studies suggest that (11) 8 (9) 18 (18) 0.02 120 min 10 (13) 5 (7) 3 (4) 22 (17) Numbers are means with standard deviations in parentheses. cv, cerebral venous; art, arterial; brain, brain tissue. Statistical tests, ANOVA or repeated measures ANOVA.
endogenous opioids may play a role (Sahn et al., 1975) . Michiels et al. (1983) found that ethanol intoxication to a mean level of 130 mg/dL in humans decreased hypercapnic ventilatory response but did not significantly affect resting ventilation. Administration of the opiate antagonist naloxone reversed the decrease in hypercapnic response (Michiels et al., 1983) . Bar-or et al. (1982) reported that plasma beta-endorphins were significantly elevated in human volunteers with acute ethanol intoxication. Clinical reports have suggested that naloxone inconsistently reverses ethanol-induced coma (Jeffcoate et al., 1979; Jeffreys et al., 1980) . Despite its widespread use in oral form to reduce alcohol craving in alcohol-dependent humans, little is known about the ventilatory and hemodynamic effects of naltrexone in traumatic injury.
Blood and brain acidosis are felt to play an integral role in the control of ventilation (Sahn et al., 1975; Santiago et al., 1985) . In this study, we found that ethanol significantly reduced cerebral venous blood pH and, in previous studies, we have found elevated blood and brain lactate concentrations in ethanol-treated animals after TBI (Zink et al., 1999) . Theoretically, an ethanol-induced decrease in blood pH should further stimulate ventilation, but this was not observed, suggesting that the normal homeostatic control of ventilation is disrupted in the presence of ethanol. In the current investigation, brain tissue pH fell after TBI but was not significantly lower in ethanol-treated animals. The reliability of the monitoring device is called into question due to large variance in the measurements. Our findings contrast with a previous study that found an increase in intracellular brain pH (measured by Phosporus-31 NMR) in ethanol-intoxicated rats subjected to lateral fluid percussion TBI (Yamakami et al., 1995) .
Endogenous opioids may play a role in the cardiocirculatory response to TBI and hemorrhage. A number of investigations since the 1980s have defined the role of endogenous opioids in contributing to hemodynamic compromise during HS, and many found that opiate antagonist agents could improve hemodynamics and outcome in a variety of shock models (Curtis and Lefer, 1980; Gurll et al., 1981 Gurll et al., , 1982 Komjati et al., 1997; Lightfoot et al., 2000; McIntosh et al., 1985 McIntosh et al., , 1986 Reynolds et al., 1989; Salerno et al., 1981; Wichmann et al., 2000) . Similar findings have been described with brain injury models. Hayes et al. (1983) found that naloxone significantly reversed systemic hypotension and the reduction in cerebral perfusion pressure in cats with fluid percussion brain injury. McIntosh et al. (1987) found that endogenous opioids contribute to systemic and cerebral vascular alterations after brain injury. In a newborn pig model of fluid percussion brain injury, naloxone was found to blunt the decrease in cerebral blood flow that was seen with brain injury (Armstead and Kurth, 1994) . In the only other study to report the use of opiate antagonists in a TBI and HS model, DeWitt et al. (1997) found that the opiate antagonist agent, nalmefene, restored cerebral blood flow and oxygen delivery in cats. Previous studies in hemorrhagic shock models without brain injury suggest that opiate antagonists improve hemodynamics by augmenting the release of catecholamines and by increasing peripheral vascular resistance (McIntosh et al., 1985; Toth et al., 1986) . Ethanol has been found to increase norepinephrine levels in trauma patients and humans subjected to mild hemorrhage, but the opposite effect has been seen in humans with severe brain injury (Newsome, 1988; Woolf et al., 1990) .
Our results support previous studies suggesting that opiate antagonists can improve hemodynamics and cerebral perfusion in TBI and HS, but this potentially beneficial effect was not observed in ethanol-treated animals. This is of potential clinical significance because the presence of hypotension and reduced cerebral blood flow are predictive of poor outcome from TBI (Chestnut et al., 1993 (Chestnut et al., , 1998 Dereeper et al., 1998; McMahon et al., 1999) .
The findings of this study suggest that different biomolecular mechanisms are responsible for ethanol-induced ventilatory depression as compared with cardiocirculatory effects after TBI and HS. While the control of ventilation rests primarily in brain medullary respiratory neurons, the control of cardiovascular tone and cardiac contractility is accomplished with a more complex array of central nervous system and peripheral mechanisms. If the ventilatory depressant effects of ethanol in TBI are primarily mediated by endogenous opioids, they might be more easily reversed by naltrexone than cardiovascular effects that are only partially mediated by endogenous opioids.
A number of factors limit the interpretation of the results of this study. Although all animals were anesthetized with the same dose of isoflurane, it is not clear how isoflurane affects the ventilatory and cardiovascular responses to naltrexone. Only one dose of naltrexone was studied, and it is possible that a higher dose may have had more potent respiratory or cardiovascular effects. Another limitation is that endogenous opioids or opiate receptor activity were not measured. However, other studies using a similar model have demonstrated an elevation in endogenous opioids after TBI (McIntosh et al., 1987) .
Ethanol appears to have harmful effects on the early physiologic response to traumatic brain injury, particularly when TBI is accompanied by hemorrhagic shock. This study found that ethanol-induced depression of hypercapnic ventilatory drive was reversed by the administration of naltrexone. Naltrexone increased postinjury blood pressure and cerebral perfusion pressure only in those animals that were not treated with ethanol. This suggests that the mechanisms that are responsible for ethanol-induced ventilatory depression in traumatic brain injury and hemorrhagic shock differ from those that control the cardiocirculatory response.
